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⇞㈝ᨵၿ࡟࠾࠸࡚㸪⮬ື㌴㔜㔞ࡢ 6 ๭ࢆ༨ࡵࡿ㌴୧ࡢ㍍㔞໬ࡣ㔜せᗘࡀ㧗࠸㸬ᅗ1.1 ࡟㌴
୧㔜㔞࡜⇞㈝ࡢ㛵ಀࢆ♧ࡍ 1)㸬⮬ື㌴ࡢ⇞㈝ࡣ㸪ኚ㏿ᶵᙧᘧࡸ㥑ືᙧᘧ࡟ᣐࡽࡎ㸪㌴୧㔜㔞









୍⯡࡟ 440 MPa ௨ୖࡢ㗰ᯈࢆᣦࡋ㸪980 MPa ௨ୖࡣ㉸㧗ᙇຊ㗰ᯈ࡜࿧ࡤࢀࡿ㸬ᅗ1.2 ࡟ྛ
✀㧗ᙇຊ㗰ᯈࡢᘬᙇᙉᗘ࡜ఙࡧࡢ㛵ಀࢆ♧ࡍ 2)㸬㧗ᙇຊ㗰ᯈࡣ㸪ᘬᙇᙉᗘࡢྥୖ࡜ඹ࡟ఙࡧ
㸦㠎ᛶ㸧ࡀపୗࡍࡿ≉ᛶࡀ࠶ࡾ㸪㉸㧗ᙇຊ㗰ᯈࡢఙࡧࡣᬑ㏻㗰ᯈࡢ 20%  ௨ୗ࡛࠶ࡿ㸬 


























ᅗ1.3 ࡟㗰ᯈࡢᯈཌ࡜ྠ୍ᙧ≧࡟ᑐࡍࡿᙉᗘኚ໬ẚࡢ㛵ಀࢆ♧ࡍ 2)㸬590 MPa ⣭࠾ࡼࡧ
1500 MPa ⣭㗰ᯈࡢᙉᗘẚࢆ➼౯࡜ࡋࡓሙྜ㸪590 MPa ⣭㗰ᯈ࣭ᯈཌ 2.4 mm ࡢ㒊ᮦࡢᙉᗘ






ᅗ 1.3 㗰ᯈ䛾ᯈཌ䛸ᙉᗘẚ䛾㛵ಀ 2㸧 









᪼ࡋ㸪2000 ᖺ௦๓༙ࡣ 590 MPa ⣭㗰ᯈࡀ୍⯡ⓗ࡜࡞ࡾ㸪2000 ᖺ௦ᚋ༙࠿ࡽࡣ୍㒊ࡢ㦵᱁
㒊ᮦ࡟ 1000 MPa ⣭௨ୖࡢ㉸㧗ᙇຊ㗰ᯈࡀ౑ࢃࢀጞࡵ࡚࠸ࡿ㸬 
ᅗ 1.5 ㌴య㔜㔞䛸㧗ᙇຊ㗰ᯈ䛾౑⏝ẚ⋡᥎⛣㻌 3䠅 















㌴యࣇࣟࣥࢺ࠾ࡼࡧࣜ࢔ഃ࡟ࡣ 590 MPa ௨ୗ㸦ࣂࣥࣃ࣮ࢆ㝖ࡃ㸧㸪஌ဨಖㆤࡢࡓࡵ㧗࠸ኚᙧ















































































































ᅗ1.9 䜸䞊䝞䞊䝷䞁ㄏⓎ䝟䞁䝏ᡂᙧ 18㸧 
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㗰ᯈࡢ 㛫ᡂᙧ࡟㛵ࡋ࡚ࡣ㸪ࡇࢀࡲ࡛࡟ 573 K ௨ୗࡢప ᇦ࡛ࡢ 㛫෇⟄῝⤠ࡾᡂᙧ࡟࠾
ࡅࡿᡂᙧ㝈⏺ࡢྥୖ࡟ࡘ࠸࡚ሗ࿌ࡉࢀ࡚࠸ࡿࡶࡢࡢ 36)㸪࣍ࢵࢺࢫࢱࣥࣉ࡟ẚ࡭ሗ࿌ࡣ㠀ᖖ࡟

































ᅗ1.12 ࡟ JFE ࢫࢳ࣮ࣝᰴᘧ఍♫ࡢࢼࣀᯒฟᙉ໬ᆺ㧗ᙇຊ㗰ᯈ NANO ࣁ࢖ࢸࣥ® ࡢ࣑ࢡ
ࣟ⤌⧊㸦㉮ᰝᆺ㟁Ꮚ㢧ᚤ㙾෗┿㸧ࢆ♧ࡍ㸬ᚑ᮶ࡢ୍⯡ⓗ࡞㗰ᯈ㸦⤌⧊ไᚚᆺ㗰ᯈ㸧࡛ࡣ㸪ࣇ
࢙ࣛ࢖ࢺ⤖ᬗ⢏㛫࡟࣐ࣝࢸࣥࢧ࢖ࢺ࡞࡝ࡢ◳㉁┦ࡀศᩓࡍࡿ⤌⧊ࡀᵓᡂࡉࢀࡿࡀ㸪NANO ࣁ
࢖ࢸࣥ® ࡛ࡣᚤ⣽࡞ࣇ࢙ࣛ࢖ࢺ⤖ᬗ⢏ࡢࡳ࡛⤌⧊ࡀᵓᡂࡉࢀࡿ㸬ᅗ1.13 ࡟ NANO ࣁ࢖ࢸࣥ
® ࡢࣇ࢙ࣛ࢖ࢺ⤖ᬗ⢏ෆࡢⅣ໬≀ࡢ㏱㐣ᆺ㟁Ꮚ㢧ᚤ㙾෗┿ࢆ♧ࡍ㸬NANO ࣁ࢖ࢸࣥ® ࡢ෗┿
ࡢᕥୖ࠿ࡽྑୗ࡟ิ≧࡟୪ࡪ㯮Ⅼࡀ NANO ࣁ࢖ࢸࣥ® ࡢⅣ໬≀࡛࠶ࡾ㸪⤖ᬗ⢏ෆ࡟ศᩓࡋ
࡚࠸ࡿࡇ࡜ࡀ☜ㄆ࡛ࡁࡿ㸬Ⅳ໬≀ࢆྵࡲ࡞࠸ࣇ࢙ࣛ࢖ࢺ⤌⧊ࡣ 300 MPa ⛬ᗘࡢᘬᙇᙉࡉ࡛
࠶ࡿࡀ㸪NANO ࣁ࢖ࢸࣥ® ࡛ࡣ㸪ࢼࣀࢫࢣ࣮ࣝࢧ࢖ࢬࡢ㉸ᚤ⣽Ⅳ໬≀࡟ࡼࡾ 780 MPa ⛬࡟
㧗ᙉᗘ໬ࡋ࡚࠸ࡿ㸬 
 
ᅗ1.14 ࡟ NANO ࣁ࢖ࢸࣥ® ࠾ࡼࡧᚤ⣽ TiC ࡛ᙉ໬ࡋࡓ㗰ᯈ࡟࠾ࡅࡿ㸪923 K ࡛ࡢຍ⇕
ಖᣢ᫬㛫࡜◳ࡉࡢ㛵ಀࢆ♧ࡍ㸬TiC ࡛ᙉ໬ࡋࡓ㗰ᯈࡢ◳ࡉࡣಖᣢ᫬㛫ࡢ⤒㐣࡜࡜ࡶ࡟ⴭࡋࡃ
పୗࡍࡿࡀ㸪NANO ࣁ࢖ࢸࣥ® ࡛ࡣ 923 K ࡛ࡢ 24 ᫬㛫ࡢಖᣢ࡛ࡶ◳ᗘኚ໬ࡣᑠࡉࡃ㸪
NANO ࣁ࢖ࢸࣥ® ࡢࢼࣀ࣓࣮ࢺࣝࢧ࢖ࢬࡢⅣ໬≀ࡣ⇕ⓗᏳᐃᛶࡀᴟࡵ࡚㧗࠸ࡇ࡜ࡀࢃ࠿ࡿ㸬 
 
ᅗ 1.12 NANO 䝝䜲䝔䞁® 䛾 
㉮ᰝᆺ㟁Ꮚ㢧ᚤ㙾෗┿ 





ࡲࡓ㸪ᅗ1.15 ࡟NANO ࣁ࢖ࢸࣥ® ࡜ࢹࣗ࢔ࣝࣇ࢙࣮ࢬᆺ㸦DP㸧㧗ᙇຊ㗰ᯈ㸦ᙉᗘࣞ࣋ࣝ㸪
ᯈཌࡣ࡜ࡶ࡟980 MPa ⣭㸪1.6 mm㸧ࡢ㸪ຍ⇕ಖᣢ୰࡜ຍ⇕࠾ࡼࡧᐊ ෭༷ᚋࡢ ᗘ࡜ᘬᙇᙉ
(a) NANO 䝝䜲䝔䞁
ᅗ 1.15 㧗 䛷䛾ᘬᙇᙉ䛥䛸ຍᕤᚋᖖ 䛷䛾ᘬᙇᙉ䛥 




ᅗ 1.14 923 K䛷䛾ຍ⇕ಖᣢᚋ䛾 NANO 䝝䜲䝔䞁®  





ᣢ୰࡛ࡣ NANO ࣁ࢖ࢸࣥ® ࡜ྠᵝ࡟㧗 ࡯࡝ప࠸ࡀ㸪ᐊ ෭༷ᚋ࡛ࡶ㧗 ࡯࡝పࡃຍ⇕๓
ࡢ⣲ᮦ௨ୗ࡛࠶ࡿ㸬ࡇࢀࡣ㸪㧗ᙉᗘ໬࡟㈉⊩ࡍࡿ࣐ࣝࢸࣥࢧ࢖ࢺࡢ↝ࡁᡠࡋ㌾໬ࡢࡓࡵ࡛࠶











ᮏㄽᩥࡢྛ❶ࡢᴫせࢆ௨ୗ࡟㏙࡭ࡿ㸬࡞࠾㸪ᮏㄽᩥࡣ 6 ❶࠿ࡽᵓᡂࡉࢀ㸪➨ 1 ❶ࡣ⥴ゝ
࡛࠶ࡾ㸪ᮏㄽᩥࡢᕤᴗⓗ⫼ᬒ࡜㛵㐃ࡍࡿᚑ᮶◊✲࡟ࡘ࠸࡚ᒎᮃࡋ㸪ᮏ◊✲ࡢ┠ⓗࢆ㏙࡭࡚࠸
ࡿ㸬 
➨ 2 ❶ ࢼࣀᯒฟᙉ໬ᆺ㧗ᙇຊ㗰ᯈࡢ㧗 ≉ᛶ 
980 MPa ⣭ࢼࣀᯒฟᙉ໬ᆺ㧗ᙇຊ㗰ᯈࢆᑐ㇟࡟㸪ᐊ ࠿ࡽ 973 K ࡲ࡛ࡢ ᗘᇦ࡛㸪✀ࠎ
ࡢࡦࡎࡳ㏿ᗘ࡛ࡢ༢㍈ᘬᙇヨ㦂࠾ࡼࡧᛂຊ⦆࿴ヨ㦂ࢆ⾜࠸㸪ᩘ್ゎᯒ࡟ᚲせ࡞㧗 ᫬ࡢᮦᩱ
≉ᛶࢆྲྀᚓࡍࡿ࡜࡜ࡶ࡟ᙎረᛶኚᙧᣲືࢆ᫂ࡽ࠿࡟ࡍࡿ㸬 
➨ 3 ❶ 㧗  V ᭤ࡆཬࡧ U ᭤ࡆ࡟࠾ࡅࡿࢫࣉࣜࣥࢢࣂࢵࢡᐇ㦂 
ᯈᮦᡂᙧ࡛᭱ࡶ༢⣧࡞ᙧ≧࡛࠶ࡿV ᆺ㸪࠾ࡼࡧࣇ࢛࣮࣒ᡂᙧ࡛࠶ࡿ U ᆺࡢ᭤ࡆᡂᙧヨ㦂
ࢆᐊ ࠿ࡽ 923 K ࡛⾜࠸㸪ࢫࣉࣜࣥࢢࣂࢵࢡ࡟ᑐࡍࡿ ᗘ࡜ᡂᙧ㏿ᗘࡢᙳ㡪࡟ࡘ࠸᳨࡚ウࡍ
ࡿ㸬 



































ヨ㦂᮲௳ࡣ㸪ヨ㦂 ᗘࢆᐊ 㸦R.T.㸧㸪573 K㸪673 K㸪773 K㸪873 K ࠾ࡼࡧ 973 K ࡜ࡋ㸪

























































ᅗ 2.2 㧗 ༢㍈ᘬᙇヨ㦂ᶵ 











































ᅗ 2.4 ኚ఩ィ㻌 ᶍᘧᅗ 




































































ᅗ 2.7 ┿ᛂຊ䠉┿䜂䛪䜏᭤⥺䠄䜂䛪䜏㏿ᗘ 0.001 s-1䠅 
䠻



















by laser displacement equipment, x (mm)
ᅗ 2.6 ༢㍈ᘬᙇヨ㦂㻌 䜻䝱䝸䝤䝺䞊䝅䝵䞁⤖ᯝ 
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 ᗘ౫Ꮡᛶࡣ 573 K ௨ୖ࡛኱ࡁࡃ㸪 ᗘࡢୖ᪼࡟క࠸ᛂຊ࡜ࡦࡎࡳࡣࡼࡾ㢧ⴭ࡟ቑ኱ࡍࡿࡇ












































































































ヨ㦂᮲௳ࡣ㸪ヨ㦂 ᗘࢆ༢㍈ᘬᙇヨ㦂࡜ྠࡌ R.T.㸪573 K㸪673 K㸪773 K㸪873 K ࠾ࡼࡧ 973 




























ᅗ 2.10 䝲䞁䜾⋡ ᐃヨ㦂㻌 ヨ㦂∦ᙧ≧ 














































 ᅗ 2.13 䝲䞁䜾⋡ ᐃヨ㦂㻌 䜻䝱䝸䝤䝺䞊䝅䝵䞁⏝ヨ㦂∦ 









































ࢢ⋡ࡼࡾࡶᑠࡉࡃ࡞ࡿࡇ࡜ࡀ▱ࡽࢀ࡚࠾ࡾ㸪ࣖࣥࢢ⋡ ܧ ࡣ㸪ணረᛶࡦࡎࡳࢆ ߝ ึᮇࣖࣥࢢ
⋡ࢆ ܧ଴ ࡜ࡋ࡚ḟᘧ࡛⾲ࡉࢀࡿ㸬 























by laser displacement equipment, x (mm)
y = -1.5954 x + 7.212
ᅗ 2.15 ┿ᛂຊ䠉┿䜂䛪䜏᭤⥺ 





























































 ܧ ൌ ܧ଴ െ ሺܧ଴ െ ܧ௔ሻ൛ͳ െ ݁ିకఌൟ (2-1) 
 
ࡇࡇ࡛㸪ܧ௔ ࡜ ߦ ࡣࡑࢀࡒࢀ཰᮰ࣖࣥࢢ⋡࡜ᮦᩱᐃᩘ࡛࠶ࡿ㸬ᅗ2.16 ࡟ᅗ2.15 ࡼࡾྲྀᚓࡋ
ࡓࣖࣥࢢ⋡࡜ረᛶࡦࡎࡳࡢ㛵ಀࢆ♧ࡍ㸬ࣖࣥࢢ⋡ࡣ㸪୧ヨ㦂 ᗘ࡟࠾࠸࡚㸪ረᛶࡦࡎࡳࡢቑ

































 ᅗ 2.17 䝲䞁䜾⋡䛸 ᗘ䛾㛵ಀ 




















































ᅗ 2.16 䝲䞁䜾⋡䛸ረᛶ䜂䛪䜏䛾㛵ಀ 




ᛂຊ⦆࿴≉ᛶࡣ㸪༢㍈ᘬᙇヨ㦂࡟ࡼࡾ ᐃࡋࡓ㸬౪ヨᮦࡣ㸪ࡇࢀࡲ࡛ࡢヨ㦂࡜ྠࡌ 980 MPa 
⣭ NANO ࣁ࢖ࢸࣥ®㸦980NANO㸪㠀ࡵࡗࡁ㸪ᯈཌ 1.6 mm㸧ࢆ⏝࠸㸪ヨ㦂∦ᙧ≧ࡣ༢㍈ᘬᙇ
ヨ㦂࡜ྠࡌᙧ≧㸦ᅗ2.1㸧࡜ࡋࡓ㸬 
ヨ㦂᮲௳ࡣ㸪ヨ㦂 ᗘࢆ༢㍈ᘬᙇヨ㦂࡜ྠᵝ࡟ R.T.㸪573 K㸪673 K㸪773 K㸪873 K ࠾ࡼ
ࡧ 973 K ࡢ 6 ᮲௳࡜ࡋ㸪බ⛠ࡦࡎࡳ㏿ᗘࡣ 0.1 s-1 ࡢ 1 ᮲௳࡜ࡋࡓ㸬ヨ㦂ࡣ㸪ຍ⇕ཬࡧ 10 
ศ㛫ࡢ➼ ಖᣢᚋࡢ✀ࠎࡢヨ㦂 ᗘࡢヨ㦂∦ࢆ㸪ᘬᙇ࡟ࡼࡿ 5% ࡢணࡦࡎࡳࢆ୚࠼ࡓᚋ࡟ࢡ























ᅗ2.19(a) ࠾ࡼࡧ (b) ࡟ࡑࢀࡒࢀヨ㦂㛤ጞ࠿ࡽ⤊஢ࡲ࡛㸦㛤ጞᚋ 300 s 㛫㸧࡜ヨ㦂㛤ጞ┤
ᚋ㸦㛤ጞᚋ 10 s 㛫㸧ࡢᛂຊࡢኚ໬ࢆ♧ࡍ㸬ᛂຊࡣ㸪᫬㛫ࡢ⤒㐣࡜࡜ࡶ࡟పୗࡋ㸪ヨ㦂㛤ጞ
┤ᚋࡣᛴ⃭࡟㸪ࡑࡢᚋࡣ⦆ࡸ࠿࡟పୗࡍࡿࡇ࡜ࡀ☜ㄆ࡛ࡁࡿ㸬  
ྛヨ㦂 ᗘࡢᛂຊ⦆࿴≉ᛶࡣ㸪ྛ᫬㛫࡟࠾ࡅࡿᛂຊ ߪ ࡢヨ㦂㛤ጞ┤ᚋࡢᛂຊ ߪ଴ ࡟ᑐࡍ
ࡿẚ࡛࠶ࡿᛂຊపୗ⋡ ߪ ߪ଴Τ  ࢆ⏝࠸࡚ホ౯ࡋࡓ㸬ᅗ2.20(a) ࠾ࡼࡧ (b) ࡟ࡑࢀࡒࢀヨ㦂㛤ጞ


















Strain    = 0.05
Holding time tH = 300 s




















































































































































































(a) ヨ㦂㛤ጞ䛛䜙⤊஢䜎䛷䠄㛤ጞᚋ 300 s 㛫䠅 




























(1) V ᭤䛢ヨ㦂 
 ౪ヨᮦࡣ㸪๓❶ࡢᮦᩱヨ㦂࡜ྠࡌࡃ㸪980 MPa ⣭ NANO ࣁ࢖ࢸࣥ® 㸦980NANO㸪㠀ࡵࡗ
ࡁ㸧࡛㸪ᯈཌࡣ1.6 mm ࡛࠶ࡿ㸬ヨ㦂∦ᙧ≧ࡣᅗ3.1 ࡟♧ࡍ  20 mm × 50 mm ࡢ▴ᙧ∧࡛㸪





ࡣ㸪ࡤࡡᐃᩘ 770 N/mm ࡢࡤࡡࡀ 4 ᮏ㸪1072 N/mm ࡢࡤࡡࡀ 4 ᮏࡢྜィ 8 ᮏ࡛ᵓᡂࡉࢀ
࡚࠸ࡿ㸬  
 ࡲࡓ㸪ᅗ3.3 ࡟ᮏヨ㦂࡟⏝࠸ࡓ㔠ᆺᙧ≧ࢆ♧ࡍ㸬ࣃࣥࢳ㸪ࢲ࢖ඹ࡟ᩳ㠃ࡢゅᗘࡣ 90r࡛࠶
ࡾ㸪ࣃࣥࢳࡢඛ➃࡟ࡣ༙ᚄ 5 mm ࡢ᭤⋡ࢆタࡅ࡚࠸ࡿ㸬ࢲ࢖ࡢᗏ㒊࡟ࡣ㸪ࣃࣥࢳࡀୗṚⅬ฿
㐩᫬࡟ᯈཌ࡟ࡼࡽࡎヨ㦂∦࡜ᐦ╔ࡋ㸪ࣃࣥࢳ┤ୗ࡛ᯈཌ᪉ྥࡢᅽ⦰ᛂຊࡀస⏝ࡋ࡞࠸ࡼ࠺ᖜ 





























































ᅗ 3.2 㧗 ᭤䛢ᡂᙧヨ㦂ᶵ 








ኚ఩㔞ࢆ㝖࠸ࡓ್࡜ࡋࡓ㸬ᅗ3.4 ࡟ V ᭤ࡆࡢᡂᙧ㐣⛬ࢆ♧ࡍ㸬ࡲࡓ㸪඲࡚ࡢヨ㦂ࡣ㸪ヨ㦂
∦⾲㠃ࡢ㓟໬ࢆ㜵Ṇࡍࡿࡓࡵ࢔ࣝࢦࣥ࢞ࢫ㞺ᅖẼ୰࡛⾜ࡗࡓ㸬  
ヨ㦂᮲௳ࡣ㸪ヨ㦂 ᗘࢆᐊ 㸦R.T.㸧㸪573 K㸪673 K㸪773 K㸪873 K ࠾ࡼࡧ 923 K ࡢ 6 ᮲
௳࡜ࡋ㸪ࣃࣥࢳ㏿ᗘࢆ 0.02 mm/s㸦ప㏿㸧࠾ࡼࡧ 10 mm/s㸦㧗㏿㸧ࡢ 2 ᮲௳࡜ࡋࡓ㸬ࡲࡓ㸪
ヨ㦂∦㸫㔠ᆺ㛫࡟ࡣ㸪஧◲໬ࣔࣜࣈࢹࣥ࡟ࢢࣛࣇ࢓࢖ࢺࢆྵ᭷ࡋࡓ㧗 ⏝ࡢ₶⁥ᮦࢆᤄධࡋ
ࡓ㸬 
 ヨ㦂ᚋࡢヨ㦂∦ᙧ≧ࡣ㸪ᅗ3.5 ࡟♧ࡍࡼ࠺࡟ヨ㦂∦ᯈእࡢゅᗘ ߠଵ ࡜ᯈෆࡢゅᗘߠଶ  ࢆࡑ




























ᅗ 3.4  V ᭤䛢ᡂᙧ㐣⛬ 
ߠԢ ൌ ߠଵ ൅ߠଶʹ
ᅗ 3.5 V ᭤䛢ᡂᙧヨ㦂㻌 ヨ㦂∦ゅᗘ ᐃ䛾ᴫせ 
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(2) U ᭤䛢ヨ㦂 
ヨ㦂࡟ࡣ๓㏙ࡢ V ᭤ࡆ࡛⏝࠸ࡓヨ㦂∦㸦ᅗ3.1㸧㸪ヨ㦂 㸦ᶵᅗ3.2㸧࠾ࡼࡧ㟁Ẽ⅔ࢆ⏝࠸ࡓ㸬
ヨ㦂∦୰ኸ㒊 1 ⟠ᡤ࡟ࡣ㸪ຍ⇕୰࠾ࡼࡧヨ㦂୰ࡢヨ㦂∦ ᗘࢆィ ࡋ㟁Ẽ⅔ࢆไᚚࡍࡿࡓࡵ㸪 
R ᆺ⇕㟁ᑐࢆྲྀࡾ௜ࡅࡓ㸬ࡲࡓ㸪ヨ㦂∦⾲㠃࡟ࡣ㓟໬㜵Ṇࡢࡓࡵ࡟㓟໬㜵Ṇ๣ࢆሬᕸࡋࡓ㸬 
ᅗ3.6 ࡟ᮏヨ㦂࡟⏝࠸ࡓ㔠ᆺࡢᙧ≧ࢆ♧ࡍ㸬ࣃࣥࢳ⫪㒊࡜ࢲ࢖⫪㒊࡟ࡣ༙ᚄ 5 mm ࡢ᭤⋡
ࡀタࡅ࡚࠶ࡿ㸬ࡲࡓ㸪ኚᙧ୰࡟ࣃࣥࢳᖹᆠ㒊࡟᥋ࡋ࡚࠸ࡿヨ㦂∦ࡢኚᙧࢆ㜵ࡄࡓࡵ࡟ᙜ࡚ᯈ
㸦ࣃࢵࢻ㸧ࢆタࡅ࡚࠾ࡾ㸪ヨ㦂᫬࡟ࡣ୧➃࡟ࡡࡌࡀษࡗ࡚࠶ࡿࢩࣕࣇࢺ࡜ࢼࢵࢺࢆ⏝࠸࡚⥾









































3.7 ࡟ U ᭤ࡆࡢᡂᙧ㐣⛬ࢆ♧ࡍ㸬 
ヨ㦂᮲௳ࡣ㸪ヨ㦂 ᗘࢆ R.T.㸪573 K㸪673 K㸪773 K㸪873 K ࠾ࡼࡧ 923 K ࡢ 6 ᮲௳࡜
ࡋ㸪ࣃࣥࢳ㏿ᗘࢆ 0.02 mm/s㸦ప㏿㸧࠾ࡼࡧ 10  mm/s㸦㧗㏿㸧ࡢ 2 ᮲௳࡜ࡋࡓ㸬ࡲࡓ㸪ヨ
㦂∦㸫㔠ᆺ㛫࡟ࡣ㸪஧◲໬ࣔࣜࣈࢹࣥ࡟ࢢࣛࣇ࢓࢖ࢺࢆྵ᭷ࡋࡓ㧗 ⏝ࡢ₶⁥ᮦࢆᤄධࡋࡓ㸬 
ヨ㦂ᚋࡢヨ㦂∦ᙧ≧ࡣ㸪ᅗ3.8 ࡟♧ࡍࡼ࠺࡟ヨ㦂∦ᕥྑࡢᯈෆ࠾ࡼࡧᯈእࡢᖹᆠ㒊࡜ቨ㒊




























ᅗ 3.7  U ᭤䛢ᡂᙧ㐣⛬ 
ߠԢ ൌ ߠଵ ൅ߠଶ ൅ߠଷ ൅ߠସͶ








 ᅗ3.9 ࠾ࡼࡧᅗ3.10 ࡟ࡑࢀࡒࢀ V ᭤ࡆヨ㦂࡟࠾ࡅࡿప㏿㸦0.02 mm/s㸧࠾ࡼࡧ㧗㏿㸦10 
mm/s㸧㸪2 ࡘࡢࣃࣥࢳ㏿ᗘ࡛ࡢⲴ㔜㸫ኚ఩᭤⥺ࢆ♧ࡍ㸬ᡂᙧⲴ㔜ࡣ㸪࠸ࡎࢀࡢࣃࣥࢳ㏿ᗘ࡟
࠾࠸࡚ࡶ ᗘࡢୖ᪼࡟కࡗ࡚పୗࡋ㸪๓㏙ࡢ༢㍈ᘬᙇヨ㦂࡜ྠᵝࡢ ᗘ౫Ꮡᛶࡀ☜ㄆ࡛ࡁࡿ㸬 



































ᅗ 3.9 V᭤䛢䛻䛚䛡䜛Ⲵ㔜䠉ኚ఩᭤⥺䠄䝟䞁䝏㏿ᗘ㻌 0.02 mm/s䠅 














































ᅗ3.11 ࡟㸪ప㏿࠾ࡼࡧ㧗㏿ࡢࣃࣥࢳ㏿ᗘ࠾ࡅࡿ V ᭤ࡆヨ㦂∦ࡢࢫࣉࣜࣥࢢࣂࢵࢡᚋࡢ᭤


































































ᅗ 3.11 V᭤䛢䛻䛚䛡䜛 ᗘ䛸ヨ㦂∦ゅᗘ䛾㛵ಀ 

























ᵝࡢ ᗘ౫Ꮡᛶࡀ☜ㄆ࡛ࡁࡿ㸬 ࡲࡓ㸪ྠ ᗘࡢࣃࣥࢳ㏿ᗘࡢ␗࡞ࡿ 2 ᭤⥺ࢆࡑࢀࡒࢀẚ㍑



















ᅗ3.14 ࡟ 2 ࡘࡢࣃࣥࢳ㏿ᗘ࠾ࡅࡿ U ᭤ࡆヨ㦂∦ࡢࢫࣉࣜࣥࢢࣂࢵࢡᚋࡢ᭤ࡆゅᗘ ߠԢ 
࡜ ᗘࡢ㛵ಀࢆ♧ࡍ㸬V ᭤ࡆ࡜ྠᵝ U ᭤ࡆ࡟࠾࠸࡚ࡶ㸪ప㏿࠿ࡘ㧗 㸦873 K ࠾ࡼࡧ 923 K㸧












































































ࡇࡇ࡛㸪ࣃࣥࢳୗṚⅬ࡛ࡢ᭤ࡆゅᗘࢆ ߠ଴㸦V ᭤ࡆ㸪U ᭤ࡆ࡜ࡶ࡟ ߠ଴ ൌ ͻͲǤͲι㸧㸪ᡠࡾ㔞
ࢆ ȟߠ ൌ ߠᇱ െ ߠ଴ 㸪࡜ࡍࡿ࡜㸪ࣖࣥࢢ⋡ ܧ㸪ረᛶኚᙧ᢬ᢠ㸦ὶືᛂຊ㸧 ߪത ࡢᯈᮦࡢࢫࣉࣜࣥ























ࡑࡇ࡛㸪ప㏿࠾ࡼࡧ㧗㏿ࡢ᭤ࡆヨ㦂࡛ᚓࡽࢀࡓ ܲ ࠾ࡼࡧ๓❶࡛ᚓࡽࢀࡓ ܧ ࠿ࡽ㸪ྛ  ᗘ ܶ 
࡟࠾ࡅࡿ ܲȀܧ ࡢ್ ሺܲȀܧሻ் ࢆ⟬ฟࡋࡓ㸬ࡲࡓ㸪ྛ  ᗘ ܶ ࡟࠾ࡅࡿࢫࣉࣜࣥࢢࣂࢵࢡ㔞 ȟߠ் 
࠾ࡼࡧ ሺܲȀܧሻ் ࡟ᑐࡍࡿ ᗘࡢᙳ㡪ࢆ᫂☜࡟ࡍࡿࡓࡵ㸪ȟߠ் ࠾ࡼࡧ ሺܲȀܧሻ்  ࢆࡑࢀࡒࢀᐊ
 ࡛ࡢ್ ȟߠோ் ࠾ࡼࡧ ሺܲȀܧሻோ் ࡛ṇつ໬ࡋࡓ㸪ȟߠ்Ȁȟߠோ் ࠾ࡼࡧ ሺܲȀܧሻ்ȀሺܲȀܧሻோ் ࢆ⏝࠸
࡚ྛ ᗘࡢ ȟߠ் ࠾ࡼࡧ ሺܲȀܧሻ் ࢆẚ㍑ࡋࡓ㸬 
























200 400 600 800 1000
Temperature  (K)
߂ߠܶȀ߂ߠܴܶ































㓄ⓗ࡛࠶ࡿࡇ࡜ࡀࢃ࠿ࡿ㸬୍᪉㸪ప㏿࡛ࡣ㸪 ȟߠ்Ȁȟߠோ் ࡣ ᗘୖ᪼࡟క࠸ ሺܲȀܧሻ்ȀሺܲȀܧሻோ் 
࡟ẚ࡭㢧ⴭ࡟ῶᑡࡋ㸪873 K ࠾ࡼࡧ 923 K ࡢ㧗 ᇦ࡛ ȟߠ்Ȁȟߠோ் ࡜ ሺܲȀܧሻ்ȀሺܲȀܧሻோ் ࡜ࡢ
㛫࡟᫂☜࡞ᕪ␗ࡀ࠶ࡿ㸬ࡇࢀࡼࡾ㸪ప㏿࡛ࡢ V ᭤ࡆᡂᙧ࡟࠾ࡅࡿࢫࣉࣜࣥࢢࣂࢵࢡ࡟ᑐࡋ
࡚ࡣ㸪㝖Ⲵ୰ࡢᛂຊ⦆࿴࠾ࡼࡧࢡ࣮ࣜࣉ࡞࡝ࡀᙳ㡪ࢆཬࡰࡍྍ⬟ᛶࡀ࠶ࡿ࡜⪃࠼ࡽࢀࡿ㸬  
ࡲࡓ㸪U ᭤ࡆ࡟࠾ࡅࡿྠᵝࡢ᳨ウ⤖ᯝࢆᅗ3.17 ࠾ࡼࡧᅗ3.18 ࡟♧ࡍ㸬ప㏿࡛ࡣ㸪 
ȟߠ்Ȁȟߠோ் ࡜ ሺܲȀܧሻ்ȀሺܲȀܧሻோ் ࡣᐊ ࠿ࡽ 923 K ࡲ࡛࡟࠾࠸࡚Ⰻ࠸୍⮴ࢆ♧ࡍࡀ㸪㧗㏿࡛
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Temperature  (K)
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200 400 600 800 1000
Temperature  (K)
߂ߠܶȀ߂ߠܴܶ











ᅗ 3.17 U᭤䛢䛻䛚䛡䜛 ઢࣂࢀȀઢࣂࡾࢀ 䛸 ሺࡼȀࡱሻࢀȀሺࡼȀࡱሻࡾࢀ㻌 䛾ẚ㍑䠄䝟䞁䝏㏿ᗘ㻌 0.02 mm/s䠅 








































๓㏙ࡢ㏻ࡾ㸪ࢫࣉࣜࣥࢢࣂࢵࢡࡣ V ᭤ࡆ࡜U ᭤ࡆࡢ㛫࡛␗࡞ࡿഴྥࢆ♧ࡋࡓ㸬ࡇࡢഴྥ
ࡢ㐪࠸ࢆ⏕ࡌࡿせᅉ࡜ࡋ࡚ᛂຊ⦆࿴࡟╔┠ࡋ㸪ࢫࣉࣜࣥࢢࣂࢵࢡ࡟ᑐࡍࡿࡑࡢᙳ㡪ࢆㄪᰝࡍ
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ᅗ 3.18 U᭤䛢䛻䛚䛡䜛 ઢࣂࢀȀઢࣂࡾࢀ 䛸 ሺࡼȀࡱሻࢀȀሺࡼȀࡱሻࡾࢀ㻌 䛾ẚ㍑䠄䝟䞁䝏㏿ᗘ㻌 10 mm/s䠅 





















ࣃࣥࢳୗṚⅬಖᣢࢆ⾜ࡗࡓᚋ࡟ 10 mm/s ࡛㝖Ⲵࡋ㸪ࡑࡢ㛫ࡢⲴ㔜࡜ヨ㦂ᶵࡢኚ఩㸪ヨ㦂ᚋࡢ

















































































Punch load P = P0
C
Time t (s)0
ᅗ 3.20 V ᭤䛢ᡂᙧヨ㦂䠄䝟䞁䝏ୗṚⅬಖᣢ䛒䜚䠅䛾ὶ䜜 
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ࡲࡓ㸪ᅗ3.22 ࡟ ݐு ࡜ ߠԢ ࡢ㛵ಀࢆ♧ࡍ㸬ߠԢ ࡣ ݐு ൌ 0 s ࠿ࡽ 5 s ࡢ㛫࡛ 2.6° ῶᑡࡋࡓ
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 ࡦࡎࡳ㏿ᗘ ߝሶ௜௝ ࡣḟᘧࡢࡼ࠺࡟ᙎᛶᡂศ ߝሶ௜௝௘  ࠾ࡼࡧረᛶᡂศ ߝሶ௜௝௣  ࡟ศゎ࡛ࡁࡿ㸬 
 




 ߪሶ௜௝ ൌ ܥ௜௝௞௟ߝሶ௜௝௘ ൌ ܥ௜௝௞௟൫ߝሶ௞௟ െ ߝሶ௞௟௣ ൯ (4-2) 
 









 ߪ ൌ ට൫͵ൗʹ ൯ݏ௜௝ݏ௜௝, , ߝሶ ൌ ට൫ʹൗ͵ ൯ߝሶ௜௝௣ ߝሶ௜௝௣  (4-4) 
 
࡛࠶ࡾ㸪ߪ㸪ߝሶ㸪࠾ࡼࡧ ݏ௜௝ ࡣࡑࢀࡒࢀvon Mises ┦ᙜᛂຊ㸪┦ᙜረᛶࡦࡎࡳ㏿ᗘ㸪࠾ࡼࡧ೫








ࡇࡇ࡛ ܦ ࡣᢠᛂຊ㸪݌ ࡣᛂຊឤᗘᣦᩘ࡛࠶ࡿ㸬⢓ᛶᛂຊ ߪ௩௜௦௖௢ ࡣ┦ᙜᛂຊ ߪ ࠿ࡽᙎᛶ㝈
ᛂຊ ߪ௘ ࢆᕪᘬ࠸ࡓ㉸㐣ᛂຊ㸦overstress㸧࡜ࡋ࡚ᐃ⩏ࡉࢀࡿ㸬 
 
 ߪ௩௜௦௖௢ ൌ ۃߪ െ ߪ௘ۄ (4-6) 
 











ᙎᛶ㝈ᛂຊ ߪ௘ ࡣ㸪 ᗘ౫Ꮡ Swift ◳໬๎࡟ࡼࡾḟᘧ࡛⾲ࡉࢀࡿ㸬 
 
 
ߪ௘ ൌ ߟሺܶሻߪ௘̴ோ் 
 
ߪ௘̴ோ் ൌ ݇ሺߝ଴ ൅ ߝሻ௡ 
(4-8) 
 
ࡇࡇ࡛ ݇㸪ߝ଴㸪࠾ࡼࡧ ݊ ࡣࡑࢀࡒࢀᐊ ࡢᙎᛶ㝈ᛂຊࢆᐃ⩏ࡍࡿᮦᩱࣃ࣓࣮ࣛࢱ࡛࠶ࡾ㸪
ߟሺܶሻ ࡣ ᗘຠᯝࣃ࣓࣮ࣛࢱ࡛࠶ࡿ㸬NANO ࣁ࢖ࢸࣥ® ࡛ࡣ㸪݇ ൌ 1225 MPa㸪ߝ଴ ൌ 0.010㸪݊ ൌ 

















ࡲࡓ㸪ᢠᛂຊ ܦ ࠾ࡼࡧᛂຊឤᗘᣦᩘ ݌ ࡣ ᗘ࡟ᙉࡃ౫Ꮡࡍࡿࡇ࡜࡟ຍ࠼㸪ᅗ2.8㹼ᅗ2.10 
ࡢᛂຊ㸫ࡦࡎࡳ᭤⥺ࡸ㸪ᅗ2.12 ࡢᛂຊ⦆࿴ヨ㦂ࡢ⤖ᯝ࠿ࡽ㸪ࡇࢀࡽࡢ್ࡣࡦࡎࡳ㏿ᗘ࡛ኚ໬




ܦ ൌ ܦଵǡ ݌ ൌ ݌ଵ  ൫ߝሶ ൒ ߝכሶ ൯ 
 
ܦ ൌ ܦଶǡ ݌ ൌ ݌ଶ  ൫ߝሶ ൏ ߝכሶ ൯ 
(4-9) 
 
⾲4.2 ࡟ NANO ࣁ࢖ࢸࣥ® ࡟࠾࠸࡚ᐃ⩏ࡉࢀࡓ ܦଵǡ ܦଶ㸪࠾ࡼࡧ ݌ଵǡ ݌ଶ ࡢ್ࢆ♧ࡍ㸬࡞࠾㸪
ࡇࢀࡽࡣ㸪ߝכሶ ൌ 0.001 s-1㸪ܦଵߝכሶ
ଵ ௣భൗ ൌ ܦଶߝכሶ




















 ߪሶ ൌ ܧ൫ߝሶ െ ߝሶ௣൯ (4-10) 
 
ࡇࡇ࡛ ܧ ࡣࣖࣥࢢ⋡࡛࠶ࡿ㸬ረᛶࡦࡎࡳ㏿ᗘ ߝሶ௣ ࡣḟᘧ࡛⾲ࡉࢀࡿ㸬 
 
⾲ 4.2 ᢠᛂຊ ࡰ૚ǡࡰ૛ 䛸ᛂຊឤᗘᣦᩘ ࢖૚ǡ ࢖૛ 
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ࡲࡓ㸪ࡦࡎࡳ㏿ᗘ࡟౫Ꮡࡍࡿὶືᛂຊ ߪ ࡣ㸪ߪ ൒ ߪ௘ ࡢሙྜࡣ௨ୗࡢ➼ᘧ࡛⾲ࡉࢀࡿ㸬 
 
 ߪ ൌ ߪ௘ ൅ ܦߝሶ௣
ଵ ௣ൗ  (4-12) 
 
ᛂຊ⦆࿴㏿ᗘࡣ㸪ᘧ(4-10) 㸪(4-11) ࡟࠾࠸࡚㸪  ࡜࠾࠸࡚㸪ḟࡢࡼ࠺࡟ィ⟬࡛ࡁࡿ㸬 
 






















































































































































































࠾ࡼࡧ ᗘ࡜ࡦࡎࡳ㏿ᗘ࡟౫Ꮡࡍࡿᢠᛂຊ ܦ ࠾ࡼࡧᛂຊឤᗘᣦᩘ ݌ ࢆྵࡴࡇ࡜࡛㸪 ᗘ࡜
ࡦࡎࡳ㏿ᗘࡢ౫Ꮡᛶࢆ⾲⌧࡛ࡁࡿࡇ࡜ࢆ≉ᚩ࡜ࡍࡿ㸬 










































 ᅗ5.1 ࡟♧ࡍᖹ㠃ࡦࡎࡳᆒ➼᭤ࡆࡢࣔࢹࣝ࡟࠾࠸࡚㸪 ݔ㸪ݕ㸪࠾ࡼࡧ ݖ ᗙᶆࢆࡑࢀࡒࢀᯈ
ᮦࡢ㛗ᡭ᪉ྥ㸪ཌࡉ᪉ྥ㸪࠾ࡼࡧᖜ᪉ྥ࡜ᐃ⩏ࡍࡿ㸬᭤ࡆኚᙧࡢࡦࡎࡳ㏿ᗘ ߝሶ௫ ࡣ㸪ᯈཌࡢ
ኚ໬ࢆ↓どࡍࡿ࡜ Kirchhoff-Love ࡢ௬ㄝ࡟ᇶ࡙ࡁḟᘧ࡛⾲ࡉࢀࡿ㸬 
 
 ߝሶ௫ ൌ ߢሶݕ ൌ
ͳ
ʹߢ
ሶ ݕത (5-1) 
 
ࡇࡇ࡛ ߢሶ ࡣ᭤⋡࡛࠶ࡾ㸪ߢሶ  ࡣᯈཌ ݄ ࢆ⏝࠸࡚ 
 
 ߢሶ ൌ ݄ߢሶ  (5-2) 
 
࡜ᐃ⩏ࡉࢀࡿ↓ḟඖࡢ್࡛࠶ࡿ㸬ࡲࡓ㸪ݕ ࡣᯈ୰ᚰ㠃࠿ࡽࡢ㊥㞳࡛㸪ݕ ࡣ ߢሶ  ࡜ྠᵝ࡟ ݄ ࢆ
⏝࠸࡚ 
 












 ᅗ 5.1 ᖹ㠃䜂䛪䜏ᆒ➼᭤䛢䛾䝰䝕䝹 
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ሶ ൬െߪ௫ ൅ ʹߪ௬ߪ ൰ 
 





ࡇࡇ࡛┦ᙜᛂຊ ߪ ࡜┦ᙜረᛶࡦࡎࡳ㏿ᗘ ߝሶ  ࡣḟᘧ࡛⾲ࡉࢀࡿ㸬 
 
 ߪ ൌ ටߪ௫ଶ െ ߪ௫ߪ௭ ൅ ߪ௭ଶ (5-5) 
 
 ߝሶ ൌ ඨͶ͵ ቀߝሶ௫
௣మ ൅ ߝሶ௫௣ߝሶ௬௣ ൅ ߝሶ௬௣
మቁ (5-6) 
 






ͳ െ ߥଶ ൛൫ߝሶ௫ െ ߝሶ௫




ͳ െ ߥଶ ൛ߥ൫ߝሶ௫ െ ߝሶ௫














 ᛂຊ⦆࿴ࢆ⪃៖ࡋࡓ᭤ࡆ࠾ࡼࡧࢫࣉࣜࣥࢢࣂࢵࢡゎᯒࡣ㸪௨ୗ࡟♧ࡍ (i)㹼(iii) ࡢ 3 ẁ㝵
࡛⾜ࡗࡓ㸬ᅗ5.2 ࠾ࡼࡧᅗ5.3 ࡟ゎᯒࡢ㐣⛬ࢆ♧ࡍ㸬 
 
(i) ᭤ࡆᡂᙧ㸦ᅗ5.2  O→A㸧 
࣭↓ḟඖࡢ᭤⋡ ߢ ࡣ 0 ࠿ࡽ ߢ଴ ࡜࡞ࡿ㸬 
࣭᭤ࡆ࣮࣓ࣔࣥࢺ ܯ ࡣ 0 ࠿ࡽ ܯ଴ ࡜࡞ࡿ㸬 
(ii) ᛂຊ⦆࿴㸦ᅗ5.2  A→B㸧 
࣭ߢ ࡣಖᣢ᫬㛫 ݐு ࡢ㛫ࡣ ߢ଴ ࡢࡲࡲኚືࡣ࡞࠸㸬 
࣭ܯ ࡣ ݐு ࡢ㛫࡟ῶᑡࡋ㸪ಖᣢ⤊஢᫬࡟ ܯோ ࡜࡞ࡿ㸬 
(iii) 㝖Ⲵ㸦ᅗ5.2  B→C㸧 
    ࣭ߢ ࡣ୍ᐃ㏿ᗘ࡛పୗࡍࡿ㸦ߢ ࡢ᫬㛫ኚ໬⋡ ߢሶ  ࡣ୍ᐃ㸧㸬  








ߢ଴  (5-8) 
 
ࢆ⏝࠸࡚ィ ࡍࡿ㸬 

















Ͷሺͳ െ ߥଶሻ න ൜൬
ͳ
ʹ ߢ







ࡲࡓ㸪ゎᯒ᮲௳ࡣ㸪➨ 3 ❶ࡢ᭤ࡆᐇ㦂࡟ᑐᛂࡋ㸪 ᗘ ܶ ࢆ 293 K㸪573 K㸪673 K㸪773 K㸪
873 K ࠾ࡼࡧ 973 K㸪ߢሶ  ࢆ 0.001 s-1 ࠾ࡼࡧ 0.1 s-1㸦᭤ࡆᡂᙧ᫬㸧㸪0.1 s-1㸦㝖Ⲵ᫬㸧㸪ߢ଴ ࢆ 0.3㸪





























































=0.1 or 0.001 s-1
.
=0.1 s-1
.Bending at Unbending at
Bending momentHolding time







Bending moment M = M0
ᅗ 5.2㻌 ゎᯒ㐣⛬䛻䛚䛡䜛 ࣄ 䛾ኚ໬ 























 ᅗ5.4 ࠾ࡼࡧᅗ5.5 ࡟㸪ࡑࢀࡒࢀ ߢሶ ൌ 0.001 s-1 ࠾ࡼࡧ 0.1 s-1㸦᭤ࡆᡂᙧ᫬㸧࡟࠾ࡅࡿࢫࣉ
ࣜࣥࢢࣂࢵࢡ ȟߢȀߢ଴ ࡜ ᗘ ܶ ࡢ㛵ಀࢆ♧ࡍ㸬ࢫࣉࣜࣥࢢࣂࢵࢡ ȟߢȀߢ଴ ࡣ㸪᭤ࡆᡂᙧ᫬ࡢ 
ߢሶ  ࡸ ݐு ࡟౫ࡽࡎ ܶ ࡢୖ᪼࡟క࠸పୗࡍࡿ㸬ࡲࡓ㸪ߢሶ ൌ 0.1㸪ܶ ൌ 973 K ࡟࠾࠸࡚ ݐு ൌ 0→5 
















































































ᅗ 5.5㻌 䝇䝥䝸䞁䜾䝞䝑䜽䛸 ᗘ䛾㛵ಀ䠄ࣄ૙ ൌ 0.3, ࣄሶ ൌ 0.1 s-1䠅 
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ᅗ5.6 ࠾ࡼࡧᅗ5.7 ࡟㸪ࡑࢀࡒࢀ᭤ࡆ࣮࣓ࣔࣥࢺ ܯ ࠾ࡼࡧࢫࣉࣜࣥࢢࣂࢵࢡ ȟߢȀߢ଴ ࡜ಖ
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ᅗ 5.6㻌 ᭤䛢䝰䞊䝯䞁䝖䛸ಖᣢ᫬㛫䛾㛵ಀ䠄ࣄ૙ ൌ 0.3䠅 

























ࡲࡓ㸪ᅗ5.8 ࠾ࡼࡧᅗ5.9 ࡟ ߢ଴ ൌ 0.1 ࡛ࡢࢫࣉࣜࣥࢢࣂࢵࢡ ȟߢȀߢ଴ ࡜ ᗘ ܶ ࡢ㛵ಀࢆ
♧ࡍࡀ㸪ᅗ5.4 ࠾ࡼࡧᅗ5.5 ࡜࡯ࡰྠࡌഴྥࢆ♧ࡋ࡚࠾ࡾ㸪ߢ଴ ࡟౫ࡽࡎᛂຊ⦆࿴ࡢຠᯝࡀ࠶
ࡿࡇ࡜ࡀࢃ࠿ࡿ㸬➨ 3 ❶ࡢᅗ3.18 ࡟♧ࡋࡓ㏻ࡾ㸪㧗㏿࡛ࡢ U ᭤ࡆ࡟࠾࠸࡚㸪ሺܲȀܧሻ்Ȁ
ሺܲȀܧሻோ்  ࡟ࡼࡗ࡚ண ࡉࢀࡿࢫࣉࣜࣥࢢࣂࢵࢡࡣ㸪≉࡟㧗 ᇦ࡛ᐇ㝿ࡢࢫࣉࣜࣥࢢࣂࢵࢡ 





















































































ᅗ 5.9㻌 䝇䝥䝸䞁䜾䝞䝑䜽䛸 ᗘ䛾㛵ಀ䠄ࣄ૙ ൌ 0.1, ࣄሶ ൌ 0.1 s-1䠅 
 51 
 
ࡲࡓ㸪ᅗ5.10㹼ᅗ5.12 ࡟ࡑࢀࡒࢀ ܶ ൌ 293 K㸪773 K㸪973 K ࡟࠾ࡅࡿ㸪ߢ଴ ൌ0.3㸪ߢሶ ൌ0.1
㸦᭤ࡆᡂᙧ᫬㸧㸪ಖᣢ᫬㛫 ݐு ൌ 0 s㸪5 s㸪10 s ࡛ࡢᯈᮦࡢᛂຊศᕸࢆ♧ࡍ㸬 ܶ ൌ 773 K ࠾









































tH = 0 s
tH = 5 s










tH = 0 s
tH = 5 s

























ࡲࡓ㸪ᅗ5.13㹼ᅗ5.15 ࡟ࡑࢀࡒࢀ ܶ ൌ 293 K㸪773 K㸪973 K ࡟࠾ࡅࡿ㸪ߢ଴ ൌ0.3㸪ߢሶ ൌ0.1
㸦᭤ࡆᡂᙧ᫬㸧㸪ಖᣢ᫬㛫 ݐு ൌ 0 s㸪5 s㸪10 s ࡛ࡢࢫࣉࣜࣥࢢࣂࢵࢡᚋࡢṧ␃ᛂຊศᕸࢆ♧
ࡍ㸬๓㏙ࡢᛂຊศᕸ࡜ྠᵝ࡟㸪ܶ ൌ 773 K ࠾ࡼࡧ 973 K ࡛ࡣᛂຊࡣపࡃ㸪ݐு ൌ 0 s ࡜ ݐு ൌ 5 
























tH = 0 s
tH = 5 s











tH = 0 s
tH = 5 s




















































tH = 0 s
tH = 5 s










tH = 0 s
tH = 5 s







ᅗ 5.15㻌 䝇䝥䝸䞁䜾䝞䝑䜽ᚋ䛾ᯈᮦ䛾ṧ␃ᛂຊศᕸ䠄ࢀ ൌ 973 K䠅 
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㡪ࢆㄪᰝࡍࡿࡓࡵ㸪௨ୗ࡟♧ࡍ (i)㹼(ii) ࡢ 2 ẁ㝵࡛㸪㝖Ⲵ᫬࡟࠾ࡅࡿࢡ࣮ࣜࣉࢆ⪃៖ࡋࡓ
᭤ࡆ࠾ࡼࡧࢫࣉࣜࣥࢢࣂࢵࢡゎᯒࢆ⾜ࡗࡓ㸬 
 
(i) ᭤ࡆᡂᙧ㸦ᅗ5.2  O→A㸧 
࣭↓ḟඖࡢ᭤⋡ ߢ ࡣ 0 ࠿ࡽ ߢ଴ ࡜࡞ࡿ㸬 
࣭᭤ࡆ࣮࣓ࣔࣥࢺ ܯ ࡣ 0 ࠿ࡽ ܯ଴ ࡜࡞ࡿ㸬 
(ii) 㝖Ⲵ㸦ᅗ5.2  B→C㸧 
    ࣭ܯ ࡣ୍ᐃ㏿ᗘ࡛పୗࡍࡿ㸦ܯ ࡢ᫬㛫ኚ໬⋡ ܯሶ  ࡣ୍ᐃ㸧㸬  
 ࣭ܯ ࡣ ܯோ ࠿ࡽ 0 ࡜࡞ࡾࢫࣉࣜࣥࢢࣂࢵࢡⓎ⏕㸪ߢ ࡣ ߢ଴ ࠿ࡽ ߢ଴ െ ȟߢ ࡜࡞ࡿ㸬 
 
࡞࠾㸪ᘧ(5-9) ࡼࡾ㸪ߢ ࡢ᫬㛫ኚ໬⋡ ߢሶ  ࡣ㸪ܯሶ  ࡀ୚࠼ࡽࢀࡓሙྜࡣḟᘧ࠿ࡽ⟬ฟࡍࡿࡇ
࡜ࡀ࡛ࡁࡿ㸬 
 
 ߢሶ ൌ ቆͳ െ ߥ
ଶ






ࡲࡓ㸪ゎᯒ᮲௳ࡣ㸪➨ 3 ❶ࡢ᭤ࡆᐇ㦂࡟ᑐᛂࡋ㸪 ᗘ ܶ ࢆ 873 K㸪ߢሶ  ࢆ 0.1 s-1㸦᭤ࡆᡂᙧ
᫬㸧㸪㝖Ⲵ᫬㛫㸦㝖Ⲵ࡟㈝ࡸࡍ᫬㛫㸧ࢆ 0.1 s㸦㝖Ⲵ㏿ᗘࡣ㧗㏿㸧࠾ࡼࡧ 1 s㸦㝖Ⲵ㏿ᗘࡣప
㏿㸧㸪ߢ଴ ࢆ 0.3 ࡜ࡋࡓ㸬 










































































0.1 s unloading 
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